) and ferricyanide by dihydrogen. Macroscopic rate investigations for the cationic substrates in DMF, and for ferricyanide in DMSO have been carried out. In all cases, k obs is given by k 1 [S] + k 2 , indicating that there are two catalytic cycles. In one of them, the formation of a complex between S and [Pt 12 (CO) 24 ] 2À in the rate determining step (rate constant k 1 ) is followed by electron transfer and/or other fast steps. In the other catalytic cycle, the rate determining step (rate constant k 2 ) involves formation of the solvated cluster anion [Pt 12 (CO) 24 
Introduction
Platinum carbonyl clusters of the general formula ½Pt 3 ðCOÞ 6 n 2À (n = 3, 4, 5 and 6), commonly known as Chini-clusters, are known to equilibrate dihydrogen with two protons and two electrons [1] [2] [3] [4] . The tetramer [Pt 12 (CO) 24 ] 2À is thus reduced to the trimer [Pt 9 (CO) 18 We and others reported mechanistic investigations on this and related reactions [5, 6] . We also reported the use of these clusters as catalysts for a variety of selective redox and hydrogenation reactions [7] [8] [9] [10] [11] [12] [13] [14] [15] . Recently our findings on the reactions of dihydrogen with A n [Pt 12 (CO) 24 ], where A n+ is a redox active cation and potential electron acceptor, have also been reported [16] . The redox active cations chosen for these studies were the dyes such as methylene blue (MB + ), safranineO (Saf + ), and methyl viologen (MV 2+ ). Benzyl nicotinamide (BNA + ), a model of NAD + , was also used as a counter cation. In all cases, reduction of [Pt 12 (CO) 24 ] 2À to [Pt 9 (CO) 18 but not BNA + by dihydrogen is found to be in agreement with the redox potentials of the electron acceptors. We had also shown [10, 16] that [Pt 9 (CO) 18 ] 2À could be oxidized back to [Pt 12 (CO) 24 ] 2À according to reaction (b). It is apparent that a combination of reactions (a) and (b) will lead to the catalytic reduction of the electron acceptor by dihydrogen according to reaction (c) 18 ] 2À as catalytic intermediates may thus be proposed (Scheme 1).
The work described in this paper was undertaken with the following objectives: first, to find out to what extent the hypothetical catalytic cycle of Scheme 1 is valid; second, we wanted to see if the general mechanism proposed in Scheme 1 operates for all A n+ irrespective of the number of electrons and protons involved in the reduction; third, we wanted to compare the quantitative effects of an anionic electron acceptor with that of the cationic ones on the rates. Based on simple electrostatic considerations, the reaction between the anionic cluster and an anionic acceptor should be less facile than that involving a cationic acceptor. Finally, we wanted to study the effect of added water, a potential proton donor, on the kinetics of MB + 6 ] 3À is a single electron, zero proton acceptor. Our results show that for all the four substrates (S), the rate expressions are similar, and the proposed mechanism (Scheme 1), with some modifications, does operate in all the cases.
Results and discussion

General background
In our earlier work [16] , it was shown that in the stoichiometric reactions of A n [Pt 12 (CO) 24 ] with dihydrogen, MB + , Saf + and MV 2+ undergo selective reduction. Before commencing rate measurements, it was first established by NMR and ESR spectrometry that under the catalytic conditions, i.e. with a large excess of the electron acceptor and 1 as the precatalyst, the selectivity is still maintained and there is no over-reduction or degradation of MBH, SafH or MV +Å . This indeed is found to be the case (see Section 3). The rates of catalytic reduction of MB + and Saf + by dihydrogen were measured by monitoring the rate of disappearance of the characteristic absorbances of the dyes at 665 and 535 nm, respectively. In contrast, for MV 2+ the rate was measured by monitoring the rate of appearance of MV +Å at 398 nm. The extinction coefficients of all the dyes are greater than that of the platinum clusters [16] . Also, since the measurements were carried out in all the cases with a large excess of the dyes (see Section 3), the absorption due to the clusters could therefore be ignored.
However, in the case of ferricyanide, due to much stronger absorptions by the cluster anions, the kinetic measurements could not be monitored by UV-Vis spectrophotometry. (CO) 24 ] 2À to [Pt 9 (CO) 24 ] 2À in DMF to be used for comparison [5, 6] . Due to poor solubility of potassium ferricyanide in DMF, dimethylsulfoxide was used as the solvent for this substrate. Preliminary rate measurements at different temperatures showed negligible effect on rates. This observation is similar to what was observed earlier for the redox reactions of [Pt 12 (CO) 24 ] 2À with hydrogen and acid [5, 6] . In this work, measurements of activation parameters by Arrhenius and Eyring plots have therefore not been attempted.
Rate expressions
All the reactions are found to be pseudo first order with respect to the concentration of 1. As shown in Fig. 1 tude slower than those of the other electron acceptors. This is also apparent from the observation that measurable spectroscopic change in the catalytic reduction of [Fe(CN) 6 ] 3À takes several hours, while that of the organic substrates takes only a few seconds
The observed rate constants (k obs ) have been measured at different concentrations of the substrates, while maintaining the general condition that [S]/[1] remains greater than one in all the cases, and much greater than one in most of the cases (see Section 3). Plots of k obs versus [S] are given in Fig. 2 . The linearity of the plots indicates that for all S, Eqs. (e) and (f) give the rate expression and k obs , respectively. Within the concentration range of S employed in these studies, saturation kinetics is not observed. Also, as can be seen from Fig. 2 , the straight lines for the cationic substrates have very similar intercepts, but different slopes
It is clear from the rate law that there are two independent pathways through which the catalytic reduction of S by dihydrogen takes place. The first terms of both Eqs. (e) and (f) suggest that there is a pathway where the transition state of the rate-determining step involves S and 1. The slopes of the straight lines in Fig. 2 give the rate constants k 1 that correspond to this pathway. The intercepts of the straight lines in Fig. 2 give k 2 and correspond to the second term of Eqs. (e) and (f). They show that there is another pathway, the rate of which is independent of the concentration of S. A mechanism consistent with the observed rate law must therefore involve two rate-determining steps (RDS) as shown by fit. As shown in Fig. 3 , for typical catalytic runs, for both MB + and Saf + the theoretical prediction and the experimental data match well.
Catalytic cycles
A catalytic cycle that corresponds to Eq. (g) is proposed in Scheme 2. The rate determining step involves one [Pt 12 (CO) 24 ] 2À anion and one S. To satisfy the stoichiometry of the overall reactions, this is then followed by fast reactions with more [Pt 12 (CO) 24 2À by dihydrogen was shown to be second order with respect to the concentration of 1. However, the second term of rate expression (h) indicates a rate-determining step that is first order with respect to the concentration of 1. In other words in the presence of a large excess of S, the order of the reaction, with respect to the concentration of 1, changes from second to first ions react to form a loose dimer, i.e. reaction (j), is the rate determining step [16] . However, in the presence of a large excess of S, formation of solvated [Pt 12 (CO) 24 ] 2À i.e. reaction (i), becomes the rate determining step as far as reduction of [Pt 12 (CO) 24 ] 2À to [Pt 9 (CO) 18 ] 2À is concerned. This is reasonable since S may provide the counter cation to [Pt 12 (CO) 24 ] 2À to form loose ion-pairs rather than free fully solvated [Pt 12 (CO) 24 ] 2À . A catalytic cycle that takes into account both the pathways, (g) and (h) for MB + and Saf + , is shown in Scheme 3. It may be noted that the upper and lower cycles of Scheme 3 correspond to those of Schemes 1 and 2, respectively. Similar cycles can also be drawn for MV 2+ and ferricyanide. The rate constants k 1 and k 2 for all the substrates are given in Table 1 . From the data, the following conclusion may be drawn. First, as already mentioned both k 1 and k 2 of the [Fe(CN) 6 ] 3À reduction are about three orders of magnitude smaller than those for the cationic substrates.
Where solvation is not the rate-determining step, solvent effects of about one order of magnitude or less on rate constants have been reported in the literature [17] [18] [19] . Thus, apart from the solvent effect, other factors must also contribute to the observed large decrease in k 1 6 ] 3À is therefore probably due to a combination of electrostatic repulsion, solvent, and kinetic salt effect [20] [21] [22] .
Second, within the family of the cationic substrates the variation in k 1 for MB + and MV 2+ on the one hand and Saf + on the other is notable. It is interesting to note that the electrochemical response of MB + and MV 2+ was also found be similar but different [16] 6 ] 3À , the solvation properties of DMSO would certainly have a direct and major bearing on k 2 . The decrease in k 2 in this case must also be partly due to the presence of excess potassium ions, rather than organic cations.
Effect of added water
Detailed kinetic studies on the reaction of [Pt 12 (CO) 24 ] 2À with water had been reported by us several years ago [23, 24] . In our earlier work, we also reported the reduction of NAD + and BNA + , where in a biphasic medium (dichloromethane and water) [Saf] 2 [Pt 12 (CO) 24 ] was used as a catalyst [11, 16] . In these reactions, Saf + is reduced to SafH by the cluster which in turn reduces NAD + and BNA + . As the reduction of Saf + (and MB + ) requires one proton, the presence of trace quantities of water in the organic layer may be expected to have an effect on the reaction rates. For this reason, only a few kinetic runs on the catalytic reduction of Saf + and MB + , in the presence of added water, have been carried out. For both the dyes, the initial rate increases linearly with increasing concentrations of water (Fig. 4) .
The linearity and positive intercepts for both the dyes suggest an empirical rate expression as shown
The first term of this rate expression indicates that in the presence of trace amounts of water, there is an additional product-forming pathway. The second term corresponds to the rate in the absence of water, i.e., the rate arising out of the pathways shown in Scheme 3. The reduction of [Pt 12 (CO) 24 ] 2À to [Pt 9 (CO) 18 ] 2À by water is known to exhibit saturation kinetics [23, 24] . In the presence of trace quantities of water, if the rate determining step of the water assisted pathway happens to be the reduction of [Pt 12 (CO) 24 ] 2À to [Pt 9 (CO) 18 ] 2À by water, then the rate is expected to show approximately first order dependence. This is experimentally observed and has not been studied in any further detail.
Conclusions
Our results show that similar mechanisms operate in the catalytic reductions of the four electron acceptors by dihydrogen. There are two independent pathways: one involving both the cluster and the acceptor in the rate determining step, and the other where only the cluster is involved. Between the two, the second pathway is the dominant one. For ferricyanide the rate constants for both these pathways are orders of magnitude less than those of the cationic dyes.
Experimental
Materials
The Dyes, 24 ] was synthesized according to the literature reported procedures [1] . Unless stated otherwise all synthetic operations were carried out by using standard Schlenk line techniques, with dry glassware, under an inert atmosphere. The solvents were dried, distilled under an atmosphere of pre-purified argon atmosphere and degassed prior to use.
Physical measurements
Infrared and UV-Vis spectra were recorded on Nicolet Impact 400 and Shimadzu UV 2100 spectrometers, respectively. NMR and ESR spectra were recorded on a Varian VXR-300S and 109C E-line X band spectrometer, respectively. 
Kinetic studies
Unless mentioned otherwise, all UV-Vis spectroscopic monitoring were carried out within the UV-Vis cuvette at 27°C by using the standard rubber septa for air-sensitive compounds. All studies have been carried out within the range where Lambert-Beer's law is valid. A constant rate of hydrogen flow has been maintained in all experiments by using a flow meter. Kinetic studies of catalytic reactions on the basis of initial rate measurements are well documented in the literature, and two typical references are given [25, 26] . From the slope of change in absorbance versus time plots, initial rates were determined. material) . This is because oxidation by the latter does not require protons, and protons are expected to be scarce at the start of the reaction. Consequently equilibrium (m) lies considerably more to the left than equilibrium (l). For all the catalytic runs, the initial rate measurements were made after the induction time.
Kinetic experiments with added water were carried out in a similar fashion by adding in the DMF solution of the substrate a known quantity of water by a micro-liter syringe and then adding the catalyst to initiate the reaction. The concentration data of the substrates and catalyst are provided in the figure captions and in the supplementary material. For the convenience of rate measurements, the molar ratios of acceptor to catalyst for MB + 
